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 Fast detection of differential temperature faults in district heating substations by new method.
 Temperature difference faults can be identiﬁed within a single day.
 The novel method can also be used in quality assurance of eliminated faults.
 Temperature difference fault frequency in substations is about 5% annually.a r t i c l e i n f o
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District heating systems contribute with low primary energy supply in the energy system by providing
heat from heat assets like combined heat and power, waste incineration, geothermal heat, wood waste,
and industrial excess heat. These heat assets would otherwise be wasted or not used. Still, there are
several reasons to use these assets as efﬁciently as possible, i.e., ability to compete, further reduced
use of primary energy resources, and less environmental impact. Low supply and return temperatures
in the distribution networks are important operational factors for obtaining an efﬁcient district heating
system. In order to achieve low return temperatures, customer substations and secondary heating
systems must perform without temperature faults. In future fourth generation district heating systems,
lower distribution temperatures will be required. To be able to have well-performing substations and
customer secondary systems, continuous commissioning will be necessary to be able to detect temper-
ature faults without any delays. It is also of great importance to be able to have quality control of elim-
inated faults. Automatic meter reading systems, recently introduced into district heating systems, have
paved the way for developing new methods to be used in continuous commissioning of substations. This
paper presents a novel method using the temperature difference signature for temperature difference
fault detection and quality assurance of eliminated faults. Annual hourly datasets from 140 substations
have been analysed for temperature difference faults. From these 140 substations, 14 were identiﬁed
with temperature difference appearing or eliminated during the analysed year. Nine appeared during
the year, indicating an annual temperature difference fault frequency of more than 6%.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
District heating systems can substantially contribute to a more
efﬁcient energy system. Heat and fuel resources difﬁcult to use
individually can be used for heat supply in these systems. Still,
there are several reasons to increase efﬁciency in district heating
systems such as: increase in ability to compete, decrease use of
primary energy resources and less impact on the environment.
One of the most important factors in running a district heating
system with high efﬁciency is low distribution temperatures. Low
supply temperatures have several beneﬁts in a district heatingsystem such as: increased electrical output from CHP-plants,
increased heat recovery from industrial excess heat and geother-
mal heat, and an increased coefﬁcient of performance if heat
pumps are used in heat generation. Lower return temperature
increase heat recovery from ﬂue gas condensation. Lower distribu-
tion temperatures also result in less distribution losses [1]. The
economic value of reduced return temperature can vary from
0.05 to 0.5 €/MW h, C [1]. A decrease in distribution temperatures
will be essential for district heating systems to play role in future
sustainable energy systems [2]. To achieve decreased supply tem-
peratures, faults increasing return temperatures in substations and
customer secondary systems, have to be detected and eliminated.
While existing systems, normally referred to as third generation
district heating systems, have a supply temperature of 80 C, future
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ture of as low as 50 C [3]. Then it will be necessary to have low
return temperatures and to have as large temperature difference
as possible. Otherwise the efﬁciency gains from low supply
temperature will not compensate enough for increased cost of
pumping and larger network diameters due to increasing distribu-
tion water ﬂow. To reach and maintain low distribution tempera-
tures, continuous commission in one way or another will be
necessary for substations but also for customer secondary systems.
This requires fast fault detection in the district heating substations
and the ability to control the quality of fault elimination.
Increased temperature difference and low distribution temper-
atures in district heating systems have for a long time been a
research ﬁeld of district heating. Publications referred to in this
paper have an overrepresentation of Swedish and German origin.
This is a result of a unique Swedish continuous district heating
research programme since 1975, and the German trade journal
Euroheat & Power, earlier named Fernwärme International, that
has published research and knowledge about district heating in
Germany since 1972.
The optimal supply temperature for a district heating system
with CHP is investigated in [4] from 1975. In an article from
1977, the importance of large temperature differences and low
supply temperatures in order to be able to increase the generation
of high value electricity is being described [5].
Regarding system efﬁciency it has been shown not only that
large temperature differences reduce both energy and exergy
losses [6–10], but also that the distribution temperatures, i.e., both
supply and return temperature, over all should be decreased from
an energy and exergy point of view to increase the total system
efﬁciency [11].
1.1. By-passes
To avoid service pipes to cool off in summer time in district
heating networks when there is no heat demand for space heating
, by-pass valves are mounted in substations between the supply
and return pipes. The resulting by-pass ﬂow decreases the temper-
ature difference, but this is necessary in order for the substation to
be able to deliver domestic hot water at the requested tempera-
ture. An evaluation to decrease this loss by a new control strategy
is developed in [12]. The thought was that the by-pass could be
shut off parts of the day when no hot water was used. But the fact
was that there was hot water taping all hours of the day. By-pass
valves can also be necessary in some parts of the network to pre-
vent freezing, or to keep an entire part of the network with no or
low heating demand hot. An evaluation of the cost for by-passes
is estimated in [13] where it is concluded that thermostatic
by-passes have a payback period of less than 2 months. How to
operate by-pass valves to minimize decreased temperature differ-
ences is discussed in [14], and the conclusion is that there is not
one single solution that ﬁts all.
1.2. System efﬁciency
Temperature difference in the customer secondary system is a
result of both the mass ﬂow chosen and the installed heat transfer-
ring areas, but large heat transferring areas result in increased sys-
tem costs. An evaluation of the system efﬁciency should also
include the customer secondary systems at the customers’ end. A
distribution temperature optimisation based on the total system
including a CHP-plant and customer secondary supply tempera-
ture demand dependent on radiator size is presented in [15]. The
relation between cost and return temperature in customer second-
ary systems is discussed in [16] but, on the other hand, two studies
indicate that radiators often are oversized and can perform wellwith lower supply temperatures without decreased thermal com-
fort [17,18].1.3. Existing substation technology
It is not new technology that has to be developed to achieve low
distribution temperatures, which is well described in [19], but with
the existing substation technology a return temperature of 32 C
with a supply temperature of 70 C is possible. In a technical report
from 2005 from the Swedish District Heating Association, old and
new substations have been compared resulting in no major differ-
ences. The same conclusion can be noticed in a report from 1987
[20]. The only difference that could be observed was in the cases
when the heat exchanger was fouled [21], and an evaluation of
how ten-year-old district heating substations performed in 2009,
showed that they performed well. Only a small increase in return
temperature at the hot water preparation could be noticed [22].
Hence, district heating substations have, for decades, been
designed for large temperature differences and low distribution
temperatures and the existing installed substations are not a prob-
lem. But the systems have to work correctly. This is valid both for
the substations and the customer secondary systems in the
buildings.1.4. Control
It is not only valves and other components that have to work
well but also the control system and the settings. By changing
the control of a substation from a traditional reconnected con-
trol-loop to an alternative control strategy where the primary ﬂow
is determined by calculating the demand, a decrease of up to 10 C
could be possible according to [23]. The supply temperature is in
summer normally about 70 C. When the outdoor temperature
decreases the supply temperature is increased to be able to supply
increased heat demand in the network. By using multi-agent
system described in [24,25], peak load could be decreased and
thereby, a possibility exists to decrease the distribution tempera-
tures [26].1.5. Customer secondary systems
The lower limit for return temperature is determined by the
customer secondary systems at the heat users’ end. To attain low
return temperatures, it is important to control the radiator ﬂow
and the supply temperature and different methods are described
in [27–33]. One way to decrease the return temperature is to have
a cascade coupled secondary system and not only in parallel which
is the traditional arrangement [34]. In [35] it is stated that it is
important to adjust the radiator ﬂow but there is not one method
that is signiﬁcantly better than another. To have total control of the
ﬂow to all parts of the customer secondary system, individually
circulating pumps on each heat emitter can be used instead of a
centralized pump and thermostatic valves to control the ﬂow in
a building which is described in [36]. This solution would also
eliminate the need for balancing the radiator distribution system.
Normally the supply temperature to the radiators is determined
by the outdoor temperature. A possibility to use primary supply
temperature instead is presented in [37,38]. The conclusion is that
it is possible to maintain comfort by using primary supply temper-
ature instead of outdoor temperature to control radiator supply
temperature. Theoretically it would be possible to increase the
temperature difference but in practice it turned out to be difﬁcult
to realize.
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Fig. 1. Supply and return temperatures (top and bottom of each bar respectively) in 142 Swedish district heating systems from 2004 to 2010. Each bar represents one district
heating system and is sorted by return temperature. Annual average supply temperature was 86.0 C and annual average return temperature was 47.2 C. Source: Stefan
Peterson, FVB, Borås, Reproduced with permission.
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Fig. 2. Supply and return temperatures (top and bottom of each bar respectively) in 207 Danish district heating networks during 2010/2011. Each bar represents one district
heating system and is sorted by return temperature. Annual average supply temperature was 77.6 C and annual average return temperature was 43.1 C. Source: Generated
by data from [39].
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Even if the advantage with low distribution temperatures is
well-known among the district heating companies, temperatures
in many district heating systems are still high. In Figs. 1 and 2,
annual average distribution temperatures for 142 Swedish and
207 Danish district heating systems can be found. Each bar
represents one district heating system with the annual average
supply temperature as the top value and the corresponding
return temperature as bottom value. The bars are sorted by
the return temperature. The national average supply temperaturein Sweden was 86.0 C and 77.6 C in Denmark. The correspond-
ing return temperatures were 47.2 C for Sweden and 43.1 C for
Denmark.
What is notable is that district heating systems in Denmark
have somewhat lower distribution temperature levels compared
to Sweden. There are at least two explanations why this is the case:
1. Most district heating systems in Denmark are direct-coupled
systems, i.e., there are no heat exchangers, and thereby no
temperature degradation, between the district heating network
and the customer secondary systems.
62 H. Gadd, S. Werner / Applied Energy 136 (2014) 59–672. Some of the Danish district heating systems have large solar
heating collectors as part of the heat supply and have thereby
an incentive to have low distribution temperatures in the
district heating systems.
The importance of low distribution temperatures and large
temperature differences is well-known and methods are available,
but many district heating systems obviously do not prioritize work
to increase temperature differences and to decrease distribution
temperature. There are three major causes according to [40]:
1. Lack of resources and competence in the district heating
companies.
2. Company organisation. Large parts of the company have to be
involved which can lead to internal discussions.
3. Uncomfortable contact with customers where technical
personnel take on a sales role and sales personnel get involved
in technical discussions.
1.7. Temperature fault detection methods
To eliminate faults in substations and customer secondary
systems, they have to be detected and this is a critical step [41].
Eliminating faults could involve a large amount of work and there
is a risk that the cost reduction from the efﬁciency gain of the
improved substations would be erased by the cost of man-hours.
Traditionally, work to identify low temperature differences has
been organized as campaigns using annual meter readings of heat
and ﬂow. The work has been performed manually which results in
a large amount of man-hours. Another problem is that the time
from when a fault appears until it is detected a lot of time elapses
using this method. The result is that a campaign is performed, the
temperature difference increases, but then the work stops, and
after a while, new faults appear and the temperature difference
slowly decreases. The main reason for working like this is that
the methods have been developed, when only annual meter
readings were available. This is probably also the reason why the
frequency of fault detection in district heating substations is not
available since no documentation exists about if or when faults
appear.
Faults in district heating substations can be divided into three
major groups: Construction faults, component faults and
operational faults. Construction faults are most likely a decreasing
problem. Previously substations were manually built on site, but
for several years now, most substations are prefabricated which
is why the risk for construction faults is much lower. Component
and operational faults can appear almost at any time. In most cases
the components and the whole substation are performing as they
should at installation and the operation settings are correct. But
as time goes by, components can break and operation settings
can be changed. In a report about work to increase the temperature
difference in the district heating system in Gothenburg between
1995 and 2004 [42], malfunctioning or broken actuators for the
heating and hot water valves, control curve for the heating system
and the control of the hot water temperature constituting more
than 50% of the faults.
A major problem in fault detecting in substations is that there is
not one typical heat demand pattern for all substations that is per-
forming well, i.e., there is a difﬁculty when developing a method to
separate faults from normal deviations.
1.8. Automatic meter reading systems
Since 1 July 2009 there is a decree [43] for monthly meter
reading for actual electricity use in Sweden. Previously most
energy meters were read manually once or a few times a year.Since manual meter reading once a month is too expensive, this
has resulted in the installation of automatic meter reading sys-
tems. These systems have a metering resolution of at least one
hour. Since most district heating systems are owned by energy
companies that are also the owners of the local electricity grids,
a majority of the companies have installed automatic meter read-
ing systems for district heating customers as well. As a result of the
Energy efﬁciency directive from 2012 [44], the Swedish district
heating act [45] has been changed and from 1 January 2015 there
will be a new regulation for all district heating companies to
charge for the actual use monthly, i.e., from 2015 hourly meter
reading will be available for all district heating customers in Swe-
den. To go from meter reading once a year to once an hour opens
up an opportunity for continuous commissioning of substations,
with the purpose of detecting faults as they appear.
1.9. Research questions
Continuous methods of how to use hourly meter readings in
fault detection is currently missing. Presented in this paper is a
novel method for fast detection of low temperature difference
faults in district heating substations. This introduction forms the
background for the following three research questions:
 How can faults regarding temperature differences be detected
when they appear?
 How can the quality of fault elimination be checked?
 What is the frequency of substation temperature difference
faults?
2. Method
In this study, 140 district heating substations from two district
heating systems have been individually analysed. The method is
based on temperature difference signatures, where the tempera-
ture differences in substations are plotted as a function of outdoor
temperature. The method can be used both for fault detection and
quality assurance of eliminated temperature faults.
2.1. Gathered data
The origin of the analysed data is automatic meter reading sys-
tems from two district heating systems in the south of Sweden;
Helsingborg and Ängelholm. The Helsingborg system has approxi-
mately 10,000 connected substations and a total annual heat sup-
ply of 3.6 PJ. The Ängelholm system has approximately 3000
connected substations with an annual heat supply of 0.7 PJ. Meter
readings from a total of 140 large district heating substations have
been collected, out of which 85 are located in Helsingborg, and 55
in Ängelholm. These substations constitute 12% of all heat deliver-
ies performed in the two district heating systems. No small substa-
tions installed in single family buildings were included in the
study.
The data sets used are 1 h values for a period of one year for
heat delivered and circulated ﬂow. In some cases, data values are
missing or are obviously wrong in the data sets. If a single or some
data is missing in a way that affects the result, the data have been
reconstructed by interpolation. If more than 5 data values are miss-
ing or are obviously wrong, data from the previous or the following
day has been used. Which data set that has been used for recon-
struction depends on which of the days had an outdoor tempera-
ture closest to the day with the missing data values.
The annual average supply temperatures were 83.8 C in
Helsingborg and 85.8 C in Ängelholm and the annual average
return temperatures were 46.9 C in Helsingborg and 47.8 C in Än-
gelholm. Referring to Fig. 1, the two systems can be considered as
Table 1
Number of substations and heat demands for each of the selected ﬁve customer
categories used in this study.
Customer categories Number of
substations
Total
annual
heat
demand
(TJ)
Average
annual
heat
demand
(TJ)
Lowest and
highest
annual heat
demand (TJ)
Multi-dwelling buildings 35 220.7 6.3 2.9–15.6
Industrial demands 37 77.6 2.1 0.2–10.0
Health and social services
buildings
10 17.2 1.7 0.5–4.1
Commercial buildings 23 66.1 2.9 0.3–14.1
Public administration
buildings
35 147.5 4.2 0.4–27.0
Sum total 140 529.1 3.8 0.2–27.0
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tribution temperature differences. All data are annual data sets and
all data sets are from the year 2010, 1 January–31 December.
The selection of data sets is based on customer categories and
amount of annually delivered heat per substation. In the customer
records, customer buildings are divided into eight different con-
sumer categories due to governmental demands to annually report
heat statistics. The heat statistics contain six customer categories:
manufacturing industry, one-and two-dwelling buildings, multi-
dwelling buildings, ground heating, public administration and oth-
ers. The customer records have in two cases higher resolution. Others
in the national statistics are in the customer records divided into
commercial buildings and others. Public administration in the
national statistics is in the customer records divided into health
and social services and public administration. In this study, one
and two-dwellingbuildings, groundheating and others are excluded.
The selected customer categories include approximately 3000 of the
total 13,000 substations in the two district heating systems. The
excluded substations are mainly single family buildings. From each
customer category, the customers with the highest annual heat
deliveries have been selected for the analysis (see Table 1).
2.2. Conventional method
There are several reports with different methods to increase
temperature difference, e.g., [42,46–48]. Most common and0
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Fig. 3. Annual average temperature difference as a function of annual delivered heat fo
seven different annual overﬂow volumes have been added for comparison, where the oeffective is the overﬂow method, ﬁrst introduced in 1992 by Sven
Werner, then active at Borås energy. The annual overﬂow is calcu-
lated from annual heat and ﬂow readings by deﬁning an expected
annual average temperature difference. Using the overﬂowmethod
automatically results in an order of priorities for substations which
most affects the temperature difference in the whole district
heating network. A strong advantage with the overﬂow method
is that the annual additional cost associated with a high return
temperature is directly proportional to the annual overﬂow, giving
the possibility of performing very simple cost-beneﬁt analyses.
The overﬂow method is illustrated in Fig. 3, where the 140 ana-
lysed substations are presented and isolines showing the annual
amounts of different annual overﬂows, depending on heat demand
and annual average temperature difference, are plotted in the same
diagram. Zero overﬂow in this ﬁgure is deﬁned as a circulated ﬂow
with an average annual temperature difference equal of 45 C.2.3. Novel method, temperature difference signature
The method presented in this paper uses temperature
difference signatures for fault detection. A temperature difference
signature is a diagram where daily average temperature difference
is plotted as a function of daily average outdoor temperature.
To determine the temperature difference, heat and ﬂow meter
readings from heat meters are used. A heat meter consists of a ﬂow
meter, a pair of temperature sensors and a calculator. The heat
energy is determined by the calculator from ﬂow and temperature
readings. It would be possible to use the temperature meter read-
ings from the heat meter, but a problem with the temperature
readings is that it is only momentary temperature, and not an aver-
age over a period of time, and single temperature meter readings
can differ quite a lot from the average and are therefore not repre-
sentative. The spread would be larger and the offset line distance
would have to be wider to not get false alarms. But, increased
offset line distance result in less sensitivity for fault detection. If
heat and ﬂow meter reading values are used to determine the tem-
perature difference, the detection method becomes more stable.
In Figs. 4 and 5, temperature difference signatures from the two
district heating systems can be observed. In Fig. 4, the temperature
difference signatures based on 23 substations in Helsingborg
district heating system are plotted and in Fig. 5, the temperature
difference signatures based on 22 substations in Ängelholm district100
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Fig. 4. Temperature difference signature based on 23 well working substations in the Helsingborg district heating system. The thick dashed line is the average line and the
thin dashed lines are ±3 standard deviations.
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performing and have an annual average temperature difference
equal to 45 C or more i.e., none of the substations from Table 2
are present in Figs. 4 or 5.
An aggravating circumstance of temperature difference fault
detection in district heating substations is that the temperature
difference changes over the year. For a proper performing substa-
tion, the temperature difference is higher in the winter, approxi-
mately 50–70 C, and then decreasing with increasing outdoor
temperature. To identify faults in the temperature difference it is
necessary to know which temperature difference is desirable for
a well-performing substation.
The temperature difference signature consists of an average line
and two off-set lines. The average line is calculated by the least
squares method on meter readings for well-working substations
with an annual average differential temperature equal to 45 C or
more. From this average line, two threshold offset lines are deﬁned
in this study by using three standard deviations from the average
line. One offset line over and one offset line under the average line.
The interval between the two offset lines is considered as normal
operation. One temperature difference signature must be deﬁned
for each single district heating system.
To determine the distance of the off-set lines is a question
which needs careful weighting up. Too tight off-set lines will result
in too many alarms while to wide distance will result in faults not
detected.
When space heating is the dominating heat demand in a build-
ing, the temperature difference between supply and return pipes is
inversely proportional to outdoor temperature. But, as can be
observed in Figs. 4 and 5, at outdoor temperatures exceeding about
10 C, no general correlation between outdoor temperature and
temperature difference is present, i.e., the method described in this
paper can only be applied as a general method when outdoor tem-
perature is below 10 C.
While the overﬂow method is a way to prioritise existing faults,
i.e., there is an acceptance for faults, a requirement to use the
presented method is that most substations perform well with a
correct temperature difference. It is a method for continuous com-
missioning to quickly, within one day, identify faults in substations
and customer secondary systems.3. Results
3.1. Fault detection method
In this study, 140 substations from two district heating systems
have been manually analysed. Fourteen of the 140 substations
have faults resulting in decreased temperature difference during
the year presented in Table 2.
The faults are divided into four types:
A: Faults from the beginning of the year, but eliminated during
the year.
B: Faults appeared during the year and not eliminated by the
end of the year.
C: Faults appeared and eliminated during the year.
D: Faults appeared during the summer period when outdoor
temperatures were >10 C.
The data sets only contain meter readings for one year: 1 Janu-
ary–31 December 2010. In four cases faults appeared at the begin-
ning of the year, but were eliminated during the year, fault type A.
In three cases, faults appeared during the year 2010 but were not
eliminated by the end of the year, fault type B. In six cases, faults
both appeared and were eliminated during the year, fault type C,
from which three appeared during a period of outdoor tempera-
tures of >10 C, fault type D. One substation (No. 8) seems to per-
form well from 2 April until 16 September but not before or
after. On average the fault duration was at least 57 days, most
probably even longer since eight substations had faults when the
data sets started or ended.
In Fig. 6, an example of a detectable fault in substation 11
from Table 2 is illustrated. The substation has initially a large
temperature difference and all daily average temperature differ-
ences are in between the temperature difference offset lines
until 6 December. On 7 December something happens and the
temperature difference decreases substantially. The presented
detection method should catch this fast change of annual tem-
perature difference.
Apart from the fourteen substations in Table 2, several of the
140 substations included in this study performed badly in terms
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Fig. 5. Temperature difference signature based on 22 well working substations in the Ängelholm district heating system. The thick dashed line is the average line and the thin
dashed lines are ±3 standard deviations.
Table 2
14 Substations with major temperature difference faults appearing during the year
2010. Average duration of fault was at least 57 days.
Substation
Number
Type of
fault
Duration of
fault (days)
Detectable by novel
detection method
1 C 42 Yes
2 B >141 Yes
3 C, D 13 No
4 C, D 23 No
5 A >6 Yes
6 C 21 Yes
7 A >136 Yes
8 A, B >142 Yes
9 B >44 No
10 C, D 34 No
11 A >24 Yes
12 C 83 Yes
13 B >56 Yes
14 A >34 Yes
H. Gadd, S. Werner / Applied Energy 136 (2014) 59–67 65of temperature difference, i.e., faults existing the entire year.
Twenty-one of the 140 substations, apart from the fourteen substa-
tions in Table 2, had an annual average temperature difference of
less than 30 C.3.2. Quality assurance of faults eliminated
The presented method is not only valid for fault detection. As a
result of the fast fault detection, the presented method can also be
used for quality assurance of faults eliminated. In Fig. 7 below, the
temperature difference signature for a substation that had an ini-
tial large temperature difference until 7 September, when a fault
appeared. On 3 December, the fault was eliminated. But, as can
be observed, the substation does not perform as well as before
the fault appeared on 8 September. A substation that used to per-
form excellent turns to a substation that is average in its perfor-
mance. Either there was more than one fault, the fault has not
been eliminated correctly, or new faults have appeared when elim-
inating the initial fault.3.3. Fault frequency estimation
From Table 2 it can be noticed that in nine substations, temper-
ature difference faults appeared during the year, i.e., 6.4 % differen-
tial fault frequency during 2010.
4. Conclusions
The current distribution temperatures in district heating sys-
tems are set from a combination of customer temperature
demands and temperature difference faults giving higher return
temperatures. Frequent temperature difference faults also increase
the supply temperatures, since the overall distribution tempera-
ture difference must be kept, when the return temperatures are
increased. By eliminating current temperature difference faults,
the current distribution temperatures can be reduced to only
consider the customer temperature demands. The temperature dif-
ference faults can be eliminated by applying a proper fault detec-
tion method, using a proper quality assurance method, through
monitoring the fault frequencies, and with further improvement
of the novel fault detection method presented here.
4.1. Fault detection method
This paper presents a novel method for fast detection of tem-
perature difference faults in district heating substations. The
method is based on temperature difference signatures, using daily
readings of heat and ﬂow. From 140 analysed substations, fourteen
substations were identiﬁed with temperature difference faults
appearing or eliminated during the analysed one year data sets.
Ten of these faults could be identiﬁed with the novel method. Of
the remaining four substations, three had faults appearing during
the summer, when the outdoor temperature exceeded 10 C, which
is outside the range of the applied method.
4.2. Quality assurance of faults eliminated
It has been shown that the novel method presented also can be
used as a quality assurance method for eliminated temperature
faults. Since man-hours are expensive, it is of the utmost
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Fig. 6. Temperature difference signature for a commercial building in Helsingborg with an annual heat demand of 3.06 TJ with a temperature difference fault that appeared
on 7 December (Substation No. 11 in Table 2.).
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Fig. 7. Temperature difference signature for an industrial demand in Ängelholm with an annual heat demand of 1.36 TJ. A fault appeared on 8 September and was eliminated
on 2 December. The temperature difference has not reached the same level after the fault was eliminated as before the fault appeared (Substation No. 12 in Table 2.).
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tomer heating systems really result in higher actual performances.4.3. Monitoring fault frequencies
Nine of the temperature difference faults appeared during the
year, indicating an annual frequency of temperature difference
faults of more than 6%. This implies that more than 150 substations
will have temperature difference faults appearing annually from
the 3000 substations located in the two district heating systems
selected in this study. In Sweden, about 100,000 district heating
substations exist [49], one and two-dwelling buildings excluded,
implying 6000 substations annually in Sweden will obtain some
temperature differential faults. Roughly 1,000,000 substationswithin the EU, single dwelling buildings excluded, would indicate
over 60,000 temperature differential faults appearing annually.
4.4. Future improvement of the novel detection method
To increase the resolution in the method, each substation
should have its own temperature difference signature. This is also
valid for the offset lines. In this study, the offset lines were chosen
as 3 standard deviations from a range of well-performing substa-
tions but when individual temperature difference signatures are
introduced, the offset lines can in most cases most probably be
much narrower. For some substations, also a temperature differ-
ence signature for outdoor temperatures above 10 C can be intro-
duced. Individual temperature difference signatures and more
narrow offset-lines will be even more important to apply in the
H. Gadd, S. Werner / Applied Energy 136 (2014) 59–67 67next fourth district heating generation systems with essentially
lower distribution temperatures.
4.5. Overall conclusions
Hourly meter readings, now available, open up for continuous
commissioning of substations. Historically only heat supply and
distribution have been properly commissioned continuously.
Now we have a new opportunity to monitor all heat deliveries in
district heating systems. Temperature fault detection has changed
from being slow and expensive to becoming fast and inexpensive.
This is a basic condition for more efﬁcient district heating systems
in the future.
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